Objective: Most studies on second primary malignancies (SPMs) after primary thyroid cancer were conducted in USA or Europe. The discrepancy between SPMs in these studies could be attributed to geographical and ethnic heterogeneity. Thus, there is a clear need for another large-scale epidemiological study, particularly in Asian countries, to define the incidence and risk of SPMs in thyroid cancer survivors. Design: A population-based study was conducted using the nation-wide database from Taiwan Cancer Registry between 1979 and 2006. Methods: We quantified standardized incidence ratios (SIRs) and cumulative incidence of SPMs among 19 068 individuals (4205 males and 14 863 females) with primary thyroid cancer. Results: A total of 644 cases (3.38%) developed at least a SPM during 134 678 person-years of follow-up. The risk for subsequent SPMs was significantly greater than that of the general population (SIRZ1.33, 95% CI 1.23-1.44). There was a greater risk of developing major salivary glands, nasopharyngeal, lung, thymus, breast (females), bladder, and brain cancers, and leukemia and lymphoma. We observed that the risk was highest within the first 5 years of diagnosis of thyroid cancer (SIRZ5.29, 1.68, and 0.68 for &5, 5-10, and O10 respectively) and in the younger patients (SIRZ 1.81 vs 1.61 for !50 and S50 respectively). The median overall survival for primary thyroid cancer patients was 23.28 years, but it was only 4.73 years for those who developed SPMs. Conclusion: Thyroid cancer is associated with a 33% risk increment of SPMs, which had a negative impact on survival. There are sites of SPMs in the Asian population that are distinctive from those in the Western population, suggesting that other genetic predisposition or environmental factors may play a role.
Introduction
Thyroid cancer accounts for 1-2% of all the cancers but involves more than 95% malignancy of the endocrine system, excluding endocrine tumors of the gastro-enteropancreatic tract (1, 2) . Even in a developed country like the USA, the age-adjusted incidence per 100 000 has increased from 4.85 in 1975 to 12.98 in 2008 (3, 4) , and this trend is also observed in other countries across Europe and worldwide (5, 6, 7) . In Taiwan, there were about 2000 new cases diagnosed in 2008, nearly a threefold increase in the incidence compared with that in 1995 (8). The increase may be due to the evolution of diagnostic scrutiny (4, 9) , changes in histological criteria (4) , various hormonal and environmental factors (10) , increased BMI (11) , and radiation or chemical exposure (12, 13) . The majority of newly diagnosed cases are early-stage, well-differentiated thyroid carcinomas, which carry a good prognosis with uncommon diseaserelated deaths (4, 14) . Given the rising incidence of thyroid cancer and low disease-related mortality rate, the increased incidence of second primary malignancies (SPMs) among thyroid cancer survivors is expected.
Most studies on SPMs after primary thyroid cancer were conducted in the USA or Europe (15, 16, 17, 18, 19, 20, 21, 22) . We found that some sites of SPMs differ from study to study. For example, the largest Surveillance, Epidemiology, and End Results (SEER)-based analysis from 30 278 patients showed a significantly increased risk for cancers of the brain, breast, prostate, kidney, and salivary glands, Hodgkin lymphoma, leukemia, and myeloma as well as a significantly decreased risk for cancers of the head and neck (excluding thyroid and salivary gland), lung, esophagus, and bladder (20) . A study carried out in a pooled cohort of 39 002 patients at 13 population-based cancer registries in Europe, Canada, Australia, and Singapore showed that the risk of the following SPMs was significantly increased: salivary gland, pharynx, stomach, colon/rectum, brain, breast, prostate, kidney, soft tissue sarcoma, non-Hodgkin's lymphoma, leukemia, bone/joints, and adrenal gland (19) . The discrepancy between SPMs in these studies could be attributed to geographical and ethnic heterogeneity.
The risk of SPMs after thyroid cancer in the Asian population has not been well documented; only a few institution-based small cohorts from Japan and Hong Kong were reported. Ishikawa et al. (23) conducted a retrospective study of 3321 operated thyroid cancer patients between 1946 and 1985 in their institution and found a significant elevated risk for SPM in the CNS and respiratory organs. Lang et al. (24, 25, 26) has shown the increased risk of SPMs among 1106 thyroid cancer patients, but only the occurrence of SPMs in breast and stomach was statistically significant. There is a clear need for another large-scale epidemiological study. To achieve this objective, we conducted a retrospective population-based study using a database from the Taiwan Cancer Registry (TCR) that included a total of 19 068 patients with an initial diagnosis of thyroid cancer during 1979-2006. To our knowledge, it is the largest scale study about SPMs after thyroid cancer in an Asian population.
Subjects and methods

Data sources
We determined second cancer incidences among 19 874 patients with initial diagnoses of thyroid cancer who were reported to the TCR (http://www. tcr.cph.ntu. edu.tw) between 1st January 1979 and 31st December 2006. The TCR was founded in 1979 and financially supported by the National Department of Health with the aim of estimating the cancer incidence in Taiwan. The registry is assisted by a Cancer Registry Advisory Board, comprising expert members from various fields such as pathology, clinical oncology, radiation oncology, cancer registrar, and public health. It is a populationbased cancer registry that covered 22 million people in 2006. Hospitals with more than 50 beds are obligated to submit information on newly diagnosed cancer patients to the TCR, which reimburses the hospitals on the basis of numbers of cases reported in order to reduce the likelihood of under-reporting. The quality of TCR database was assured by two quality indexes: i) the DCO% (percent of death certificate only cases) for all cancers ranges between 1.41 and 2.93% annually and ii) the MV% (percent of morphological verification) for thyroid cancer (International Classification of Diseases, 9th revision (ICD-9): 193) ranges between 93.78 and 95.86% annually. All cancer registry databases in the TCR have been systematically converted to ICD-9 codes (27) , and linked with death certificates from the National Death Database. Persons not identified by this process were therefore considered to be alive for the purpose of the current study (passive follow-up). Coding of multiple primaries followed the principles of the International Agency of Cancer Registries (IACR) and the International Agency for Research on Cancer (IARC) (28) . Informed consent was not required because all registry records are anonymous and open to the public. To assess the age of onset accurately, estimate person-year follow-up, and minimize potentially unconfirmed cancer diagnosis in this study cohort, 806 patients were excluded from the analysis because they met one or more of the following criteria: i) missing birth dates or unknown gender (five cases); ii) missing last follow-up date or death status (385 cases); or iii) the period which is !1 month from initial diagnosis of primary cancer to the date of death or to the end of the study period (31st December 2006; 417 cases). As a result, a total of 19 068 cases (4205 males and 14 863 females) were included in the analysis.
Statistical analysis
To determine the excess of second malignancies after the diagnosis of primary thyroid cancer, we calculated the standardized incidence ratios (SIRs) (29) and the corresponding 95% CIs for second cancers. SIRs were taken as the ratio of the observed number (O) of second cancers to the expected number (E), which was obtained by assuming that these persons experienced the same cancer incidence as the corresponding general population. The number of person-years at risk was defined as the number of years from the date of initial primary cancer diagnosis to the date of death, date of last follow-up, date of diagnosis of a second primary cancer, or the end of the study period (31st December 2006), whichever came first. The person-years of observation for each gender, 5-year age group and 5-or 3-year period (1979-1983, 1984-1988, 1989-1993, 1994-1998, 1999-2003, and 2004-2006) were multiplied by the incidence rates of cancers for the Taiwanese population. The corresponding products were summed over all ages, gender, and calendar years to obtain the expected number of second cancers at each site. Ninety-five percent CIs of SIRs were based on the assumption of a Poisson distribution of second cancer cases, and an approximate c 2 test was used to test the difference between the two SIRs and the trend in the SIRs.
Cumulative incidence rates for occurrence of a second cancer were calculated in the survivors' cohort, with death treated as a competing risk according to the method described by Kalbfleisch & Prentice (30) . Briefly, this method allows for the fact that patients who die are no longer at risk for second cancers, so it differs from the cumulative incidence estimated by the Kaplan-Meier method, which treats competing events as censored at the time they occurred. Gray's test (31) was used to assess the statistical differences of cumulative incidence between genders. The survival curves of patients with second cancers were calculated by the Kaplan-Meier method and the differences between curves were presented by hazard ratio (HR) using the Cox proportional hazards model. All statistical tests were two-sided and P values !0.05 were considered statistically significant.
Results
Patient characteristics
Of the total 19 068 cases with thyroid cancer diagnosed as the first malignancy and complete data available for the analysis, 644 cases (3.38%) developed at least a SPM during 134 678 person-years of follow-up. The characteristics of the patient population are listed in Table 1 . Within this cohort, the average follow-up time was 7.06 years, including 16 717 cases (87.67%) followed up for at least 1 year, 5491 cases (28.80%) for 5-10 years, and 5307 cases (27.83%) for O10 years. The mean age at diagnosis of first malignancy was 45.20 years. For those diagnosed as second primary cancers, the mean diagnosis age was 59.30 years with an average interval of 6.43 years between two primary cancers.
Risk of second cancers stratified by site and gender
SIRs and corresponding 95% CIs were calculated. Irrespective of the site, the overall risk of developing a second primary cancer was significantly greater in both genders of patients with primary thyroid cancer than those in the general population ( 
Risk of second cancers stratified by follow-up intervals
To explore the latency of development of the cancers with elevated SIRs, the SIR estimates were stratified by interval since first diagnosis of thyroid cancer ( Table 3) . The entire follow-up period was divided into three consecutive intervals (%5, 5-10, and O10 years). Overall, the risk for developing these second cancers was highest within 5 years of the diagnosis of thyroid cancer, then followed by 5-10 and O10 years with a significantly decreasing trend (SIRsZ5.29, 1.68, and 0.68 for %5, 5-10 and O10 years respectively, and P value !0.001). Especially, the risks of developing second brain and thymus cancers were relatively high (SIRsZ21.16 and 13.32 respectively). The risk of second cancers developing within 5-10 years was observed to be significant for lung cancer and leukemia and lymphoma only (SIRsZ1.76 and 2.46 respectively).
Age trend of second cancers
To study the trend of the second cancers with age at initial diagnosis of the thyroid cancer, we stratified their SIRs according to two age groups (!50 and R50; Table 4 ). The SIRs were significantly higher for younger patients diagnosed with second leukemia and lymphoma and bladder cancers (P valuesZ0.005 and 0.02 respectively). In contrast, the risk of developing a second lung cancer was slightly higher but insignificant for those diagnosed with thyroid cancer at age R50 (SIRsZ1.60 vs 1.47, P valueZ0.35). Similarly, both age groups for breast (females) cancer showed elevated risk, but these two SIRs were not significantly different (SIRsZ1.53 vs 1.37, P valueZ0.17).
Cumulative incidence rates of all second cancers
The estimated overall risk of developing a second cancer after primary thyroid cancer in the survivors' cohort was calculated with death treated as a competing risk. For all second cancers, the overall cumulative risks at 5, 10, 15, and 20 years after thyroid cancer were The cumulative incidences in males were higher than that in females over time, indicating that both genders were not at equivalent risk for all second cancers (P value !0.001; Fig. 1 ).
Overall survival of the thyroid cancer patients
The overall 5-year survival rate (GS.E.M.) for all thyroid cancer patients in our study was 89.70% (G0.2%) with a median survival of 23.28 (G0.17) years. Both age at onset and gender were associated with survival. The Cox proportional hazards model showed that the males had a worse survival than the females (HRZ1.73, P value !0.001, 95% CI 1.60-1.87; Fig. 2) , and the patient with a diagnosis of thyroid cancer while older had shorter survival (HRZ1.089, P value !0.001, 95% CI 1.086-1.091).
Survival time after second cancers
The median survival (GS.E.M.) after developing a second cancer was 4.73 (G0.58) years. The survival curve after the diagnosis of the second cancers was calculated by the Kaplan-Meier method and the results suggest that females lived much longer than males (HRZ1.69, P value !0.001, 95% CI 1.35-2.12; Fig. 3 ). The 5-year survival rates (GS.E.M.) in males and in females were 36.90% (G3.7%) and 53.60% (G2.7%) respectively.
Discussion
In Taiwan, more than 90% of thyroid cancer patients are papillary and follicular type cases (8). The data collected by the SEER program of the National Cancer Institute showed that the 10-year survival rate of differentiated thyroid cancer exceeds 90% (20) . In our cohort, the median survival time of all patients with thyroid cancer is 23.28 years. The disease therefore has a very good prognosis. However, SPMs adversely impact the survival of thyroid cancer patients, with a median survival 4.73 years, suggesting a specific surveillance for the occurrence of second cancers is important in order to improve total mortality. The female-to-male ratio of thyroid cancer patients was 3.53, consistent with the SEER database including a total of 30 278 patients and nearly 30 years of follow-up (20) . However, the risk of SPMs is higher in males than in females (SIRZ1.42 vs 1.29). For specific cancers, males had an increased risk of developing secondary thymus, urinary bladder, brain cancers, and leukemia and lymphoma. Females had increased risk for secondary salivary gland, lung, breast, and brain cancers and leukemia and lymphoma. Although many second cancers are similar, there are notable differences between our cohort and SEER. A decreased risk for cancers of the head and neck (except salivary gland), lung and bladder was reported in SEER. On the other hand, we found an increased risk of nasopharyngeal carcinoma (SIRZ1.82), lung (SIRZ1.57), and urinary bladder (SIRZ1.76) cancers, suggesting that genetic predisposition and environmental risk factors may play a role. For example, lung cancer in Asian countries is very different from that in Western populations with respect to mutated epidermal growth factor receptor gene, predominant in females and non-smokers, and adenocaricnomas cell-type. EpsteinBarr virus infection is a unique environmental factor for nasopharygeal carcinoma which is rare in most parts of the world, but outstandingly prevalent in South-East Asia.
Our study has shown that in people with a primary thyroid cancer, there is a 33% increased risk of developing a second primary cancer in comparison with the general population. In keeping with SEER as well as the other large-scale study by Sandeep et al. including 39 002 patients from 13 population-based cancer registries in Europe, Canada, Australia, and Singapore (19, 20) , we also found the increased incidence in secondary salivary gland, breast (females), and brain cancers and leukemia. These second primary cancers may occur because of shared environmental or genetic risks or may be therapy related. The mainstay of treatment for differentiated thyroid cancer in Taiwan is nearly total thyroidectomy and postoperative radioactive iodine (RAI) treatment if extensive disease (32) . External radiotherapy is not a routine practice and was reserved only for postoperatively residual disease in the neck but with inadequate radioiodine uptake or for cases with loco-regional recurrence. RAI is known to be excreted in breast milk, saliva, stool, and urine, which might account for the risk of salivary gland, breast, and kidney cancers. However, this speculation is contradictory to the findings by SEER that both the increased risk of breast and kidney cancers was statistically equivalent in both the irradiated and non-irradiated cohorts. Besides, there was no increased risk of colorectal and urinary bladder cancers in SEER. In contrast to SEER, we found an increased risk in urinary bladder but not kidney in our cohort. Therefore, the association of RAI treatment and risk of SPMs following thyroid cancer remains widely debated (15, 16, 17, 18, 20, 24, 33, 34) . A meta-analysis including two major studies from USA and Europe draws the conclusion that RAI slightly increased the relative risk of SPMs in thyroid cancer survivors but only secondary leukemia is most relevant (35) . Furthermore, we and the SEER group (20) have both found that the risk for developing these second cancers was highest within the first 5 years after diagnosis of thyroid cancer. Considering the long latency required for carcinogenesis, that excess risk of SPMs occurring within a short period after the first cancer argues against the hypothesis of the first primary treatment as the only initiator for the second cancer. This observation suggests other factors aside from therapy, such as heritable factors, may influence second cancer risk. For example, persons with rare inherited cancer susceptibility genes and those with genetic polymorphisms of some DNA-repair enzyme genes are at a high risk of second cancers (36, 37, 38) . Also, we could not exclude an other possibility that the excess risk within the first 5 years might be due to more frequent examinations (surveillance bias).
The misclassification of metastases in some anatomic sites such as bone, brain, liver, and lung as new primary cancers is always an inherent concern in most population-based studies. Coding of multiple primaries in the TCR rules followed the principles of the IACR and the IARC. The most common metastatic sites from thyroid cancers are lung, bone, and brain. Among 19 068 thyroid cancer patients, there were 644 Survival time in years after second cancers Figure 3 Survival curves of all the patients after second cancers stratified by gender. patients who developed SPMs (only one bone, 16 brain, and 84 lung cancers). The characteristic radiographic image of lung metastasis from primary thyroid makes it distinguishable from primary lung cancer. Considering the incidences of thyroid cancer metastasizing to these distant sites are much higher than these numbers, we speculate that the coding of the TCR database is reliable. The strengths of this study include a large population database from a nation-wide and government-supported cancer registry in an Asian population over a 28-year period. However, the major limitation in our study is the lack of some information such as RAI exposure history and subtypes of thyroid cancer that might have an impact on the incidences of some SPMs. We have confirmed thyroid cancer is associated with a 33% increase in risk of second malignancies, which had a negative impact on the survival of patients. Nevertheless, these results did not allow the clinician to make a causal link between thyroid cancer and the occurrence of SPMs. There are some sites of SPMs distinctive from those in the Western population, suggesting that other genetic predisposition or environmental risk factors may play a role.
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